Moths and butterflies (Lepidoptera) represent the most diverse group of animals with heterogametic females. Although the vast majority of species has a WZ/ZZ (female/male) sex chromosome system, it is generally accepted that the ancestral system was Z/ZZ and the W chromosome has evolved in a common ancestor of Tischeriidae and Ditrysia. However, the lack of data on sex chromosomes in lower Lepidoptera has prevented a formal test of this hypothesis. Here, we performed a detailed analysis of sex chromosomes in Tischeria ekebladella (Tischeriidae) and 3 species representing lower Ditrysia, Cameraria ohridella (Gracillariidae), Plutella xylostella (Plutellidae), and Tineola bisselliella (Tineidae). Using comparative genomic hybridization we show that the first 3 species have well-differentiated W chromosomes, which vary considerably in their molecular composition, whereas T. bisselliella has no W chromosome. Furthermore, our results suggest the presence of neo-sex chromosomes in C. ohridella. For Z chromosomes, we selected 5 genes evenly distributed along the Z chromosome in ditrysian model species and tested their Z-linkage using qPCR. The tested genes (Henna, laminin A, Paramyosin, Tyrosine hydroxylase, and 6-Phosphogluconate dehydrogenase) proved to be Z-linked in all species examined. The conserved synteny of the Z chromosome across Tischeriidae and Ditrysia, along with the W chromosome absence in the lower ditrysian families Psychidae and Tineidae, suggests a possible independent origin of the W chromosomes in these 2 lineages.
Sex chromosomes represent a special part of the genome that differs from autosomes in its evolutionary dynamics. They can evolve de novo from a pair of autosomes when one of the homologs acquires a gene or genes responsible for sex determination. This sets off a sequence of events that results in autosome-like X or Z chromosomes with gene composition changed due to sexual antagonistic selection and molecular degeneration of Y or W chromosomes due to restricted recombination. This process can lead to the ultimate loss of the Y or W when the sex determining gene is translocated on another chromosome or replaced by a new sex determinant (e.g., Kaiser and Bachtrog 2010) . A new sex-limited chromosome may also arise from a B chromosome which starts to pair with the X or Z chromosome. Alternatively, the sex chromosomes may undergo various structural changes such as fusion with autosomes, which leads to the formation of neo-sex chromosomes and eventually to another round of differentiation (e.g., Carvalho and Clark 2005) .
Most insect orders have an XX/XY (female/male) sex chromosome system or its variants (reviewed in Blackmon et al. 2017 ). However, the Amphiesmenoptera, containing the sister-groups Lepidoptera (butterflies and moths) and Trichoptera (caddisflies) (Misof et al. 2014 ) has an alternative sex chromosome system with heterogametic females. All caddisflies and basal moths studied thus far have Z0/ZZ (female/male) sex chromosomes (Ennis 1976; Traut and Marec 1996; Marec and Novák 1998; Lukhtanov 2000) . At some point in the evolution of Lepidoptera, the W chromosome arose, but the phylogenetic origin and its mechanism remain unknown. As it is evident from the presence of female-specific sex chromatin (see below) and/or direct karyotype investigation, the W chromosome occurs in Tischeriidae and most studied species of the taxon Ditrysia, a mega-diverse group comprising 98% of the extant species of moths and butterflies (Powell 1980 ; sex chromatin and sex chromosome distribution reviewed in Traut and Marec 1996; Lukhtanov 2000; Traut et al. 2007 ). However, the presence of the W chromosome was also reported for the nonditrysian Hepialidae (Kawazoé 1987a) .
The W chromosome in the Lepidoptera usually represents the largest and often the only segment of heterochromatin in the chromosome complement. Its heterochromatinization suggests that the W consists largely or entirely of repetitive sequences which often accumulate on sex specific chromosomes during their evolution (Kaiser and Bachtrog 2010) . This assumption has been supported by detailed studies of the W chromosomes in 3 ditrysian Lepidoptera, namely Bombyx mori (Bombycidae), Cydia pomonella (Tortricidae), and Ephestia kuehniella (Pyralidae), which showed that the W chromosome is rich in transposable elements (TEs) (Abe et al. 2005; Fuková et al. 2007; Traut et al. 2013) . Accordingly, the total number of coding sequences found on the lepidopteran W chromosomes is extremely low with no overlap between species (Gotter et al. 1999 ; Van't Hof et al. 2013; Kiuchi et al. 2014; Nagaraju et al. 2014; Fujii et al. 2015) .
Due to its heterochromatic nature, the W chromosome forms a conspicuous heteropycnotic body in nearly all somatic cells of most lepidopteran females. This so-called sex chromatin (or W chromatin) observed in Malpighian tubules has been used as a convenient, yet indirect, evidence for the presence of the W chromosome in a particular species (e.g., Traut and Mosbacher 1968; Ennis 1976; Traut and Marec 1996; Lukhtanov 2000) . In fact, the vast majority of data on the W chromosome distribution in Lepidoptera were obtained through the analysis of the sex chromatin. Interestingly, in ditrysian families thoroughly tested for the W chromosome presence, species without sex chromatin were reported, most likely indicating a secondary loss of the W chromosome (Traut and Marec 1996) . This suggests that the W chromosome is dispensable for the genome in some species, which is consistent with its heterochromatic nature and scarcity of genes. This assumption is also in line with recent findings in wild silkmoths, Samia cynthia ssp., where the presence of W (or neo-W) chromosome had no influence on sex determination and reproduction of hybrids (Yoshido et al. 2016) . However, the W chromosome of B. mori encodes a primary sex-determining signal, a small PIWI-interacting RNA named Fem piRNA, and it is thus essential for female development (Kiuchi et al. 2014) .
There are 3 hypotheses on the evolutionary origin of the W chromosome in Lepidoptera (Lukhtanov 2000) . It is thought that the W arose from an autosome whose homologue had fused to the Z chromosome in a common ancestor of 1) Heteroneura as supported by decrease in modal chromosome number, or 2) Euheteroneura (= Ditrysia + Tischeriidae + "Palaephatidae" with the last being probably paraphyletic, see Bazinet et al. 2017) , which is less parsimonious as the fusion is not supported by reported modal chromosome numbers and would have to be accompanied by concurrent chromosome fission. Alternatively, 3) the W chromosome might have originated from a B chromosome in Euheteroneura. However, Psychidae, one of the early-diverging lineages of Ditrysia, do not have a W chromosome (Seiler 1919; Seiler 1959; Narbel-Hofstetter 1961) , which is a long-known fact never considered in previous studies (reviewed in Traut et al. 2007; Marec et al. 2010; Sahara et al. 2012) . It raises another hypothesis that the W chromosome arose independently in Tischeriidae and Ditrysia after the divergence of Psychidae ( Figure  1 ). In this study, we examined and compared the sex chromosomes in representatives of Tischeriidae and 3 lower groups of Ditrysia, namely Tineidae, Gracillariidae, and Plutellidae, to shed light on the origin of the W chromosome in Lepidoptera.
Materials and Methods

Taxon Sampling
We used a wild-type laboratory strain of the diamondback moth, Plutella xylostella (Plutellidae), obtained from Neil I. Morrison, Oxitec Ltd, Abingdon, UK; for the strain origin see Martins et al. (2012) . Larvae were kept on an artificial diet in a room with a temperature of 21 ± 1 °C, at a 12/12 h (light/dark) regime. Larvae and pupae of the horse-chestnut leaf miner, Cameraria ohridella (Gracillariidae), were collected in horse chestnut trees (Aesculus hippocastanum) and those of Tischeria ekebladella (Tischeriidae) in oak trees (Quercus sp.) from several localities in České Budějovice, Czech Republic. The lab strain of the common clothes moth, Tineola bisselliella (Tineidae) was established from specimens found in a household in České Budějovice. Larvae were kept on raw sheep wool in a room with a temperature of 25 ± 1 °C, at a 16/8 h (light/dark) regime.
Chromosome and Polyploid Nuclei Preparations
Spread chromosome preparations were prepared as described in Mediouni et al. (2004) . Meiotic chromosomes were obtained from larval gonads; mitotic preparations were made from larval gonads, brain or wing imaginal discs. The tissue was dissected in a physiological solution (Glaser 1917 cited in Lockwood 1961 , fixed in Carnoy fixative (6:3:1 ethanol, chloroform, acetic acid) and spread in a drop of 60% acetic acid at 45 °C using a hot plate. Optionally, the tissue was hypotonized for 10-15 min in 75 mM KCl prior fixation. Preparations were dehydrated in ethanol series (70%, 80%, and 100%, 30 s each) and stored at −20 °C.
Preparations of polyploid interphase nuclei were prepared from Malpighian tubules of the last instar female larvae. The tubules were dissected in physiological solution and fixed on the slide in Carnoy fixative for 1 min. Then they were stained in 2.5% lactic acetic orcein for 3-5 min, mounted in the staining solution and inspected in a light microscope for the presence of sex chromatin (Traut and Marec 1996) .
Comparative Genomic Hybridization
Genomic DNA (gDNA) from P. xylostella, C. ohridella, and T. ekebladella was isolated separately from female and male individuals (larvae, pupae, or adults) by standard phenol-chloroform extraction. In T. bisseliella, gDNA was extracted from adults by NucleoSpin Tissue kit (Macherey-Nagel, Düren, Germany) and amplified by illustra GenomiPhi HY DNA Amplification Kit (GE Healthcare, Milwaukee, WI). Genomic DNA probes were labeled by Nick Translation Kit (Abbott Molecular, Des Plaines, IL). The 25 µL Nick Translation reaction contained 500 ng of gDNA; 25 µM each dATP, dCTP, and dGTP; 9 µM dTTP; 16 µM labeled nucleotides with either Cy3-dUTP (male DNA) or fluorescein-dUTP (female DNA) (both Jena Bioscience, Jena, Germany); 1× nick translation buffer and 5 µL of nick translation enzyme mix. The reaction was incubated at 15 °C for 6-7 h.
Comparative genomic hybridization (CGH) was performed as described in Traut et al. (1999) with several modifications. Chromosomal preparations were first treated with RNase A (200 ng/μL) (Sigma-Aldrich, St. Louis, MO) in 2× SSC for 1 h at 37 °C and denatured in 70% formamide in 2× SSC for 3.5 min at 68 °C. The probe mix containing 300 ng of each labeled gDNA probe, 25 μg of sonicated salmon sperm DNA (Sigma-Aldrich) in 10 µL of 50% deionized formamide, 10% dextran sulfate in 2× SSC was denatured for 5 min at 90 °C and prehybridized for 90 min at 37 °C. Hybridization was carried out for 3 days at 37 °C. Then the slides were washed at 62 °C for 5 min in 0.1× SSC with 1% Triton X-100 and counterstained with 0.5 μg/mL DAPI (4′,6-diamidino-2-phenylindole; Sigma-Aldrich) in antifade based on DABCO (1,4-diazabicyclo(2.2.2)-octane; Sigma-Aldrich).
W-Chromosome Painting Probes
Preparations for laser microdissection of W chromatin bodies were done following the protocol described in Fuková et al. (2007) with slight modifications. Briefly, Malpighian tubules were dissected from the last instar female larvae of P. xylostella, C. ohridella, and T. ekebladella, hypotonized for 15 min in 75 mM KCl and fixed in methanol/acetic acid (3:1) for 15 min. Then the tubules were transferred into a drop of 60% acetic acid on a glass slide coated with a polyethylene naphthalate membrane, spread at 40 °C using hot plate and stained with 4% Giemsa (Penta, Prague, Czech Republic). Microdissection of W-bodies was performed using a PALM MicroLaser System (Carl Zeiss MicroImaging, Munich, Germany) as described in Kubickova et al. (2002) .
DNA amplification and probe labeling were performed according to Drosopoulou et al. (2012) . Briefly, 8-12 microdissected sex chromatin bodies per sample were amplified using a GenomePlex Single Cell Whole Genome Amplification Kit (WGA4, Sigma-Aldrich) and then the reaction was purified by Wizard SV Gel and PCR Clean-Up System (Promega, Madison, WI). The amplified product was labeled using a GenomePlex WGA Reamplification Kit (WGA3, SigmaAldrich). The labeling reaction (25 µL total volume) contained 15 ng of amplified DNA, 0.4 mM each dNTP except 0.336 mM dTTP, 40 µM Cy3-dUTP (Jena Bioscience) or Green-dUTP (Abbott Molecular), 1× Amplification mix, and 1.7 µL of WGA polymerase. 
(not determined) if not known as in Meessiidae and
Palaephatidae (note that Palaephatus might be close to Ditrysia and distant from the rest of "Palaephatidae"; see Bazinet et al. 2017) . Clades with studied species, that is Plutella xylostella (Plutellidae), Cameraria ohridella (Gracillariidae), Tineola bisselliella (Tineidae), and Tischeria ekebladella (Tischeriidae), are in bold. Modal chromosome numbers, taken from Puplesiene and Noreika (1993) , Lukhtanov and Puplesiene (1996) , and Lukhtanov (2000) are shown above the branches. Data on the sex chromatin status and sex chromosomes were obtained partly from this study and partly from published studies cited in the text. Asterisk indicates that in Hepialidae and Ditrysia, not all species tested for the sex chromatin presence were also examined for sex chromosomes. Phylogenetic relationships are according to Regier et al. (2013) and Bazinet et al. (2017) .
Telomeric Probe
Insect telomeric probe (TTAGG) n was synthetized by means of nontemplate PCR as described in Sahara et al. (1999) and labeled with Cy3-dUTP. The probe was labeled by using the improved nick translation procedure of Kato et al. (2006) with some modifications. The modified 20 µL reaction contained 1000 ng unlabeled DNA; 0.5 mM each dATP, dCTP, and dGTP; 0.1 mM dTTP; 20 µM labeled nucleotides; 1× nick translation buffer (50 mM Tris-HCl, pH 7.5; 5 mM MgCl 2 ; 0.005% BSA); 10 mM β-mercaptoethanol; 2.5 × 10 −4 U DNase I and 1 U DNA polymerase I (both ThermoFisher Scientific, Waltham, MA). The reaction was incubated at 15 °C for 1 h.
Fluorescence In Situ Hybridization with W-Chromosome Painting and Telomeric Probes
Fluorescence in situ hybridization (FISH) was carried out following the protocol of Traut et al. (1999) with some modifications. Chromosomes were denatured at 68 °C for 3.5 min in 70% formamide in 2× SSC buffer. For each slide, the probe mixture contained 5 µL of labeled W-painting and/or 160 ng telomeric probe and 25 µg of sonicated salmon sperm DNA in a total 10 µL volume of 50% formamide, 10% dextran sulfate in 2× SSC. Probes were denatured at 90 °C for 5 min. Hybridization was carried out for 3 days at 37 °C. Washes and counterstaining were the same as in CGH.
Microscopy and Image Processing
Preparations were observed in a Zeiss Axioplan 2 microscope (Carl Zeiss, Jena, Germany) equipped with appropriate fluorescence filter sets and a monochrome CCD camera XM10 (Olympus Europa Holding, Hamburg, Germany). In FISH preparations, black-andwhite images were captured separately for each fluorescent dye with cellSens Standard software version 1.9 (Olympus). The images were pseudocolored and merged using Adobe Photoshop CS5.
Isolation of Genes for Quantitative PCR in T. ekebladella
Total RNA was isolated by RNAzol RT (Sigma-Aldrich) from larvae and pupae. First-strand cDNA was synthetized by ImProm-II Reverse Transcription System (Promega) using oligo-dT or gene specific degenerate primers (Ace2 ACYTTNCCDATRTCYTGNGC; TH AYAAYTGYAAYCAYCTBATGAC). Parts of the coding sequences from the genes of interest were amplified by PCR from respective cDNAs using degenerate primers (Supplementary Table S1 ). The 20 µL reaction contained 2 µL cDNA, 10 µM each primer, 200 µM each dNTP, 1× Ex Taq buffer and 1U Ex Taq DNA Polymerase (TaKaRa, Otsu, Japan). Amplified fragments were cloned using a pGEM-T Easy Vector System (Promega) and sequenced using universal M13 primers.
Quantitative Real-Time PCR
To compare copy number of genes of interest between females and males, we used quantitative real-time PCR (qPCR) approach according to Nguyen et al. (2013) with the target to reference gene dose ratio formula from Rovatsos et al. (2014) . gDNA isolated by NucleoSpin Tissue kit (Macherey-Nagel) was used as a template. Relative gene doses of the target genes were determined by comparison with a single-copy autosomal reference gene, Acetylcholinesterase 2 (Ace2). To design primers in C. ohridella, P. xylostella, and T. bisselliella the orthologs of genes of interest (Henna, laminin A, Paramyosin, Tyrosine hydroxylase, were acquired from available genomes (You et al. 2013; Ferguson et al. 2014 ) and a transcriptome (The 1KITE project; NCBI BioProject PRJNA267902; the transcriptome was sequenced and processed as outlined in Peters et al. (2017) , and will be published under accession numbers BioSample: SAMN03247557 TSA accession: GCDF00000000, TSA version: GCDF01000000; for sequences, see Supplementary Material). For designing primers in T. ekebladella, we used sequences obtained in this study (for Gen-Bank accession numbers, see Supplementary Table S2 ). The target and reference genes were analyzed simultaneously in 3 biological replicas for each sex. For qPCR, the reaction mix contained 15-50 ng of gDNA, 1 µM each primer (Supplementary Table S2 ) and 1× qPCR SYBR Master Mix (Top-Bio, Prague, Czech Republic). The reaction was carried out using the C1000 Thermal cycler CFX96 Real-Time System (BioRad, Hercules, CA) and results were analyzed using software BioRad CFX Manager 3.1. To calculate the amplification efficiency (E), we used 4 points of 5 times dilution series. The target to reference gene dose ratio (R) was calculated for each biological sample using et al. 2014 ). Two hypotheses were tested statistically by unpaired 2-tailed t test for unequal variances. The autosomal hypothesis presumes equal R value between females and males (1:1). In the Z-linkage of target gene hypothesis, the target to reference gene dose ratio would be in males 2 times higher than in females (R values ratio 1:2, females:males).
Results
Chromosome Number and Sex Chromatin Status
Chromosome numbers in P. xylostella (2n = 62), C. ohridella (2n = 60), and T. ekebladella (2n = 56) are known from previous studies (Kawazoé 1987b; Lukhtanov 2000; Nguyen and Nguyen 2001; De Prins et al. 2002) . In this study, we determined the chromosome number in T. bisselliella, which is 2n = 60 in males and 2n = 59 in females. For this, we used mitotic chromosomes hybridized with the telomeric probe to visualize the chromosome ends (not shown). Preparations of polyploid nuclei from Malpighian tubules showed a conspicuous sex chromatin body in females of P. xylostella, C. ohridella, and T. ekebladella (Supplementary Figure  S1a,e,g ). However, the sex chromatin was absent in male nuclei of all 4 tested species (Supplementary Figure S1b,d ,f,h) as well as in female nuclei of T. bisselliella (Supplementary Figure S1c) . This suggests that P. xylostella, C. ohridella, and T. ekebladella females have a W chromosome while females of T. bisselliella not, which is consistent with a lower number of chromosomes in females by one than in males.
W-Chromosome Painting and DAPI Staining
In P. xylostella, C. ohridella, and T. ekebladella, we prepared W-chromosome painting probes by means of laser microdissection of sex chromatin from female polyploid nuclei of Malpighian tubules. The W-painting probes were used for FISH on female pachytene chromosomes to visualize the W chromosome.
In all 3 species, the W-painting probes highlighted a single chromosome, the W in the WZ bivalent (Figure 2a-d, f, h, j) . While in P. xylostella and C. ohridella, the W chromosomes were labeled evenly along their whole length, the probe did not hybridize to one of the W chromosome ends in T. ekebladella (Figure 2d) .
In T. ekebladella and P. xylostella, the W chromosome could also be identified by DAPI staining (Figure 2e , k) due to its heterochromatin structure. FISH with the W-painting probes thus just confirmed that these chromosomes are indeed the Ws. However, the W chromosome in C. ohridella could not be reliably distinguished from the other chromosomes in pachytene nuclei (Figure 2g ) as it was highlighted by DAPI only in late pachytene or in highly condensed postpachytene chromosomes of nurse cells (Figure 2i ). In this species, the W-painting probe helped to identify the W chromosome in younger pachytene nuclei. Nevertheless, the highly condensed postpachytene W chromosome in C. ohridella was conspicuous, and its heterochromatin was often fragmented into several blocks.
In T. bisselliella, we could not prepare the W-chromosome painting probe due to the sex chromatin absence. DAPI staining revealed a thin Z-univalent which was longer than the bivalents in both pachytene ( Figure 2l ) and highly condensed postpachytene nuclei of nurse cells (Figure 2m ). Since in mitotic metaphases no chromosome was extremely larger than the others (Figure 2n ), we suggest that the Z-univalent condenses later than the autosome bivalents. Notably, the Z univalent was often associated with 1 or 2 bivalents in a nucleolus of both pachytene and postpachytene nurse cells (Figure 2l, m) .
Molecular Differentiation of Sex Chromosomes by CGH
We used CGH in all 4 species, but for different reasons. In P. xylostella, C. ohridella, and T. ekebladella, in which we have already confirmed the W chromosome presence by W-painting, we used CGH to roughly characterize the molecular composition of the W chromosome, since the same or different intensities of male and female hybridization signals indicate accumulation of ubiquitous or female-specific sequences, respectively, on the W chromosome (Sahara et al. 2003) . In the case of T. bisselliella, CGH was supposed to provide yet another line of evidence for the absence of the W chromosome. As expected, CGH did not identify any female specific region in T. bisselliella, which supports the Z/ZZ sex chromosome system in this species (Figure 3a-d) .
In P. xylostella, the W chromosome was strongly highlighted by both the female and male probes along its whole length (Figure 3e-h ). In addition, both probes showed a similar pattern of hybridization signals suggesting that the W chromosome in this species accumulated autosomal repeats present in both sexes.
Similar to P. xylostella, the W chromosome in C. ohridella was labeled equally by both gDNA probes. Interestingly, only about two-thirds of the W chromosomes were highlighted by these probes (Figure 3i-l) . The highlighted part consisted of heterochromatin, while the remaining part was euchromatic. This euchromatic part was labeled by both probes at about the same intensity as autosomes. However, this pattern was not seen in highly condensed W chromosomes in nuclei of nurse cells, where the whole chromosome was labeled strongly by both probes. This different level of hybridization ekebladella, the W-probe hybridized to the whole W chromosome except for one end (arrowhead). In C. ohridella, the W chromosome was nearly indistinguishable from other chromosomes during pachytene (f and g), but became heterochromatinized in highly condensed postpachytene nuclei of nurse cells (h and i). In T. bisselliella, the W chromosome was absent, and the Z univalent was the longest chromosome in pachytene (l) as well as in postpachytene nurse cells (m), and was nearly always associated with the nucleolus (N). Since in mitotic metaphase chromosomes (n) there is no chromosome conspicuously larger than the others, we suggest that the Z chromosome univalent in pachytene condensate later than the autosome bivalents.
between the 2 parts of the W chromosome might reflect an existence of 2 strata, as a result of fusion between the W and an autosome.
Unlike P. xylostella and C. ohridella, the difference between hybridization signals of the female and male gDNA probes in T. ekebladella was enormous (Figure 3m-p) . While the male probe labeled weakly and nearly evenly all chromosomes including the W, the female probe strongly highlighted the W chromosome. Such hybridization pattern indicates that the W chromosome of T. ekebladella consists largely of sequences unique to females. Only a very short segment at one end of the W chromosome was strongly labeled by the male probe as well (Figure 3n, p) . It is very likely that the terminal W segment identified by both gDNA probes is composed of repetitive sequences common to both sexes.
qPCR Analysis of Selected Genes
To study the synteny of genes between Z chromosomes of basal Ditrysia, Tischeriidae, and already investigated lepidopteran lineages, we identified in each species orthologs of 5 genes distributed along the whole ditrysian Z chromosome as mapped in Biston betularia (Supplementary Figure S2) (d, h, l, and p) show hybridization signals of male gDNA probes (red). Panel (n) contains a schematic drawing of the CGH hybridization signals on the W chromosome, where the female probe strongly labeled nearly entire W chromosome except for one end which was highlighted with the male probe (arrowhead). CGH results show that the W chromosome in T. ekebladella consists mostly of female specific sequences, while the W chromosome in C. ohridella and P. xylostella is mainly composed of sequences which are common to both sexes. N stands for nucleolus.
chosen as a reference species, as it represents the ancestral karyotype with n = 31 ( Van't Hof et al. 2013; Ahola et al. 2014) . A relative gene dose of these orthologs was compared between female and male gDNA by qPCR. The results obtained were statistically tested for 2 hypotheses, autosomal linkage versus Z-linkage, following the procedure in Nguyen et al. (2013) .
In all species studied, the qPCR results (Supplementary Table S3 ) clearly showed 2-fold difference between the female and male gene dose in all 5 genes (female:male ratio 1:2) (Figure 4) . In all cases, there was a significant difference between the results in females and males, supporting thus the Z-linkage hypothesis. Furthermore, the differences were not statistically significant when comparing the doubled female values to the original male results. Thus, we concluded that the synteny block of genes corresponding to the ditrysian Z chromosome is conserved in all studied species.
Discussion
The origin of the W chromosome in Lepidoptera remains elusive. In this work, we studied the sex chromosomes of 4 representatives of basal clades of Euheteroneura and evaluated hypotheses about the W chromosome origin. Species examined in this study differ largely considering their W chromosomes. In 2 species, namely P. xylostella and T. ekebladella, we found fully degenerated W chromosomes consisting entirely of heterochromatin. However, according to our CGH results, the W chromosome in P. xylostella is composed of repetitive sequences present in both sexes. In contrast, the W chromosome of T. ekebladella contains mostly female-specific sequences, while ubiquitous repetitive sequences are largely underrepresented. Such a large difference in molecular composition is not surprising since the W chromosome evolution through the accumulation of repeats has been shown to be a rapid and stochastic process (Abe et al. 2005; Fuková et al. 2007; Traut et al. 2013) . Additionally, it has previously been shown that even more closely related species may differ largely in the type of sequences accumulated in this nonrecombining chromosome ).
Similar to P. xylostella, the W chromosome of C. ohridella also accumulated repetitive sequences common to both sexes. However, these repetitive sequences form about two-thirds of the W chromosome which are composed of heterochromatin, while the remaining part is made of euchromatin. The euchromatin part might represent an evolutionary younger stratum which arose by fusion of the ancestral W chromosome with an autosome. Such sex-chromosomeautosome fusions are surprisingly common among moths and butterflies (reviewed in Nguyen and Carabajal Paladino 2016) as they were reported in species from various lepidopteran families such as Tortricidae Šíchová et al. 2013) , Nymphalidae (Smith et al. 2016; Mongue et al. 2017) , and Saturniidae (Yoshido et al. 2011) . The karyotype of C. ohridella, 2n = 60, was also reported in its other congeners analyzed so far and represents the modal chromosome number of Gracillariidae (Puplesiene and Noreika 1993; De Prins et al. 2002) . Since the ancestral chromosome number is 2n = 62 in Ditrysia (Lukhtanov 2000) , that is, by one chromosome pair more than in Gracillariidae, we hypothesize that there was an old sex-chromosome-autosome fusion which predated the origin of Gracillariidae. Since the autosome fusion with the ancestral W chromosome would result in an immediate cessation of recombination between the neo-W and neo-Z segments due to the absence of crossing-over in all lepidopteran females (e.g., Maeda 1939; Traut 1977; Nokkala 1987) , the old fusion is expected to result in a fully heterochromatinized neo-W chromosome. However, the fate of originally autosomal parts of the neo-W chromosomes can vary greatly, and their euchromatic appearance can be maintained in some cases even after old fusion events Mongue et al. 2017) . It should also be noted that the euchromatic nature of a part of the neo-W chromosome does not necessarily reflect the lack of sex chromosome differentiation (Vicoso et al. 2013; Mongue et al. 2017) .
Furthermore, our study revealed that T. bisselliella (Tineidae) has no W chromosome. The absence of a W chromosome seems to be a shared trait of basal Ditrysia, since all tested species of Psychidae, the most basal ditrysian group studied so far, also lack a W chromosome (Seiler 1919; Seiler 1959; Narbel-Hofstetter 1961) . Along with Meessiidae, Tineidae and Psychidae used to constitute the superfamily Tineoidea (reviewed by Mitter et al. 2017) , and the absence of a W chromosome seems to support their monophyly. However, recent phylogenetic and phylogenomic studies agree on paraphyly of the Tineoidea (Mutanen et al. 2010; Regier et al. 2015; Bazinet et al. 2017 ; Figure 1 ).
The W chromosomes in Lepidoptera are currently assumed to have a common origin and arise either via an adoption of a supernumerary B chromosome which started to pair with the Z chromosome (Figure 5a ), or via a fusion of the Z chromosome with an autosome, whose homologue then became the W chromosome (Figure 5b) . Both scenarios are possible as found, for instance, in the evolution Figure 4 . Female-to-male relative gene dose ratio based on qPCR results. A value of 0.5 is expected for Z-linked genes, for autosomal genes the expected value would be 1. For summary of qPCR results, see Supplementary Table S3. of Drosophilidae (Carvalho 2002; Bachtrog 2013) . Furthermore, a B chromosome became a Y chromosome via meiotic pairing with the X chromosome in Cacopsylla peregrina (Psylloidea, Hemiptera) (Nokkala et al. 2003) .
However, earlier studies (Lukhtanov 2000; Traut et al. 2007; Marec et al. 2010; Sahara et al. 2012) did not consider the possible significance of the W chromosome absence in Psychidae (Seiler 1919; Seiler 1959; Narbel-Hofstetter 1961) . Since the W chromosome is missing also in Tineidae, other scenarios can be brought to play to explain the origin of the W chromosome in Lepidoptera, namely 2 independent origins of the W in Tischeriidae and Ditrysia excl. Psychidae and Tineidae (and, consequently, also Palaephatus and Meessiidae) (Bazinet et al. 2017) , with either 2 Z/autosome fusions (Figure 5c ), 2 B chromosome adoptions (Figure 5d ), or their combinations (Figure 5e, f) . However, it should be stressed that in Tineidae, information on the absence of the W chromosomes is limited only to a single species and more data is needed to find out whether the loss of the W chromosome applies to all Tineidae.
Whether the W chromosome arose only once or twice independently and whether it originates from a B chromosome or an autosome can be tested by comparison of sex chromosomes between different lepidopteran lineages. The origin of the W chromosome cannot, however, be investigated directly due to the lack of W-linked homologous markers caused by rapid turnover of W chromosome sequences (Bachtrog 2006 ). An alternative way is to explore synteny of Z-linked genes ). Therefore, Figure 5 . Scenarios of the possible W chromosome origin in Euheteroneura. According to the first scenario (a) a B chromosome seized the role of the W chromosome in a common ancestor of Euheteroneura, but was lost secondarily in Tineidae and Psychidae. The second scenario (b) describes a single origin of the W chromosome in a common ancestor of Euheteroneura, a group consisting of Tischeriidae, Palaephatiidae (not shown) and Ditrysia. The W chromosome was lost secondarily in Tineidae and Psychidae after branching off from Ditrysia. According to scenarios (c) and (d) the W chromosome arose twice independently, once in a common ancestor of Tischeriidae and once in a common ancestor of Ditrysia after Psychidae and Tineidae branched off, by chromosomal fusion (c) or B chromosome adoption (d). In scenarios (e) and (f), the W chromosome evolves independently by fusion in Tischeriidae and from B chromosome in advanced Ditrysia (e) or vice versa (f). In scenarios (c) and (f), part of the marker genes (1-3), which are Z-linked in advanced Ditrysia, should not be present on the Z chromosome in Tineidae and Tischeiidae. In scenarios we have selected 5 marker genes which evenly cover the Z chromosome in the representatives of advanced Ditrysia, namely B. mori (Bombycidae) and B. betularia (Geometridae) ( Van't Hof et al. 2013) , and tested whether they are also Z-linked in the species under study. We showed that all markers are located on the Z chromosome in all examined taxa, which suggests a conserved synteny of Z-linked genes across Tischeriidae and Ditrysia. This largely rules out the hypotheses on the independent W chromosome origin based on the Z-chromosome-autosome fusion in advanced Ditrysia, as under both possible scenarios (Figure 5c , f) some of the tested markers are expected to be autosomal in representatives of Tischeriidae, Psychidae, and Tineidae.
Based solely on the Z chromosome synteny block shared between Tischeriidae and Ditrysia, we cannot discriminate among the other hypotheses. Moreover, the W chromosome absence in nonditrysian Lepidoptera is largely based on the absence of the female-specific sex chromatin (Figure 1) , which is an indirect and not completely reliable proof (Rathjens 1974; Traut et al. 1986; Marec and Traut 1994; Šíchová et al. 2015) . Thus, we are unable to score the probability of the W chromosome gain nor of its loss. However, these scenarios can be evaluated based on the number of evolutionary changes they require. Presuming that the W chromosome is missing in the whole Tineidae, both hypotheses with a single W chromosome origin (Figure 5a , b) would require one acquisition in a common ancestor of Euheteroneura and 2 independent losses of this chromosome in Psychidae and Tineidae. Moreover, the hypothesis on a single W chromosome origin by chromosome fusion (Figure 5b ) would further require this event to be compensated by an autosome fission, since the chromosome number of 2n = 62 is well supported as the ancestral number in Ditrysia and likely in the whole Heteroneura (Figure 1) . Thus, our data support the independent origins of the lepidopteran W chromosome as the most parsimonious scenario with 2 alternatives: 1) 2 independent B chromosome adoptions in Tischeriidae and Ditrysia (Figure 5d ) or 2) Z/autosome fusion in Tischeriidae and B chromosome adoption in Ditrysia excl. Psychidae and Tineidae (Figure 5e ). Moreover, the latter hypothesis is favored by reduced chromosome numbers observed in Tischeriidae, which suggests the overall propensity of their karyotypes to chromosome fusions (Figure 1) . The independent origins of W chromosomes during the evolution of Lepidoptera could explain yet another conflict in available data, an anecdotal report of the W chromosome in Endoclita sinensis, a representative of Hepialidae (Figure 1, Kawazoé 1987b) . Alternatively, we cannot exclude without further study that the W chromosome occurred much earlier in the evolution of Lepidoptera.
However, the earlier origin of the W chromosome does not affect main conclusions of the present work. Our results suggest a conserved synteny of Z-linked genes across Euheteroneura (Tischeriidae and Ditrysia) and, in contrast to previous studies (reviewed Marec et al. 2010; Sahara et al. 2012) , support independent origin of the W chromosomes in these 2 groups. The available data further suggest that at least in the Ditrysia excl. Psychidae and Tineidae, the W chromosome arose from a B chromosome which started to pair with the Z chromosome. These results also imply that the abundance of repetitive sequences in the W chromosomes together with the lack of coding sequences do not result from a degeneration process (cf. Bachtrog 2013) and cast doubt on the primary role of the W chromosome in sex determination of Lepidoptera (cf. Kiuchi et al. 2014; Yoshido et al. 2016 ). The present study thus brings a new perspective on understanding the evolution of the lepidopteran sex chromosomes and provides a new framework for their further analysis.
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